INTRODUCTION {#s1}
============

There are several kinds of post-fermented tea in East Asia such as Pu-erh tea in Yunnan, China, Miang in Thailand, and Lahpet in Myanmar. There are also four kinds of traditional post-fermented tea in Japan: Ishizuchi-kurocha (Ehime), Goishi-cha (Kochi), Awa-bancha (Tokushima), and Batabata-cha (Toyama) ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.The regions of production and origin of Japanese post-fermented teas.). Three of these post-fermented teas are produced from tea plants on Shikoku Island, and the fermentation procedures are different for all post-fermented teas in Japan. Ishizuchi-kurocha and Goishi-cha are prepared via a two-step fermentation process. This process is unlike any other procedure for fermented-tea production in the world. Primary fermentation is fungi-driven aerobic fermentation, and secondary fermentation is lactic acid bacteria-driven anaerobic fermentation. Awa-bancha is produced via anaerobic fermentation only by lactic acid bacteria such as Miang. Batabata-cha is produced via aerobic fermentation only by fungi as in the case of Pu-erh tea. Ishizuchi-kurocha, Goishi-cha, and Awa-bancha have distinctive acidic tastes associated with lactate-generating fermentation. Compared with green tea, the concentrations of caffeine and catechins in these fermented teas are low \[[@r1]\]. The change in catechins in post-fermented tea may be caused by degradation and polymerization during fermentation. Nonetheless, details of the fermentation processes of Japanese post-fermented teas are still unclear.

It has been reported that Aspergillus sp. and Lactobacillus plantarum are mainly involved in the aerobic and anaerobic fermentation of tea leaves in the processes of fermentation of Goishi-cha and Ishizuchi-kurocha, respectively \[[@r2],[@r3],[@r4]\]. *L. plantarum* is one of the major lactic acid bacteria species obtained from plant material and is frequently found in fermented foods of plant origin. *L. plantarum* is found in plant materials and the gastrointestinal tracts of animals and is known as one of the probiotic species of lactic acid bacteria \[[@r5],[@r6],[@r7]\]. For example, some strains of *L. plantarum* alleviate irritable bowel syndrome \[[@r8], [@r9]\]. *L. plantarum* strain JSA22 inhibits infection of intestinal epithelial cells by *Salmonella* Typhimurium \[[@r6]\]. *L. plantarum* CICC 23174 has an immunostimulatory activities such as enhancement of the phagocytic activity of macrophages \[[@r7]\]. *L. plantarum* can reduce soy allergy \[[@r10]\]. Furthermore, some *L. plantarum* strains produce bacteriocin \[[@r11], [@r12]\]. For instance, plantaricin KL-1Y from *L. plantarum* KL-1 shows bactericidal activity against *Bacillus cereus* and growth-inhibitory activities toward *Listeria innocua*, *Staphylococcus aureus*, and *Escherichia coli* \[[@r13]\]. Extracellular proteins from the *L. plantarum* BMCM 12 strain inhibit adhesion of *E. coli* and *S. enterica* subsp. *enterica* to mucin \[[@r14]\]. Thus, *L. plantarum* is one of the beneficial species of lactic acid bacteria for probiotic use.

Japanese fermented teas prepared by lactate-generating fermentation are produced only on Shikoku Island. Although *L. plantarum* is the predominant species in these fermented teas, the regional characteristics of *L. plantarum* among the abovementioned fermented teas are unknown. Therefore, in this study, we compared properties of the lactobacilli isolated from two kinds of Japanese fermented tea, Ishizuchi-kurocha and Awa-bancha. Particularly, we focused on *L. plantarum* strains. We isolated and classified *Lactobacillus* strains from the post-fermented teas using sequences of the 16S rRNA gene and ribosomal proteins. Next, we evaluated their sugar utilization. In addition, we assessed the interaction between the *L. plantarum* and animal cells.

MATERIALS AND METHODS {#s2}
=====================

Isolation and identification of *Lactobacillus* spp. from fermented tea
-----------------------------------------------------------------------

*Lactobacillus* spp. were isolated from Ishizuchi-kurocha and Awa-bancha. Pictures of these fermented teas are shown in [Fig. 1](#fig_001){ref-type="fig"}. Approximately 0.5 g of wet tea leaves was added to 10 ml of 10% skim milk (Megmilk Snow Brand Co., Ltd., Tokyo, Japan) containing 2% of glucose (Wako Pure Chemical Industries, Ltd., Osaka, Japan), and the medium was incubated at 30°C for 1--2 days. Before the procedure, glucose-supplemented skim milk was sterilized at 60°C for 30 min. Skim milk will curdle due to a decrease in pH if lactic acid bacteria are growing in it. Curdled skim milk was streaked on MRS (Sigma-Aldrich) agar plates containing 2% of agar (Wako Pure Chemical Industries), and the plates were incubated at 30°C for 1--2 days under anaerobic conditions (atmosphere consisting of 20% of carbon dioxide and 80% of nitrogen). To test a different procedure, wet tea leaves were mixed with sterile distilled water at a concentration of 0.1 mg/ml. The suspension was serially diluted with distilled water and spread on MRS agar plates or LBS agar plates (Becton, Dickinson and Company, Le Pont-de-Claix, France). After that, the plates were incubated at 30°C for 1--2 days under anaerobic conditions. Anaerobic condition were provided by AnaeroPack-Anaero (Mitsubishi Gas Chemical Co., Inc., Tokyo, Japan). Stand-alone colonies were picked and inoculated into 10 ml of MRS broth in a test tube with a screw cap. Each isolate was cultured at 30°C for 1--2 days. Stock cultures were stored at --80°C in MRS broth containing 30% of glycerol. Frozen stocks of fresh isolates were prepared from the cultures within three passages after isolation. The isolates were identified by homology analysis of the 16S rRNA gene sequence, cultured in MRS broth overnight, and collected by centrifugation at 11,000 × g for 10 min. Pellets were resuspended in elution buffer, and the bacterial cells were lysed by sonication. Then, DNA was extracted from the isolates with a DNeasy Tissue & Blood Kit (Qiagen, Hilden, Germany). Polymerase chain reaction (PCR) amplification was performed on a TaKaRa PCR Thermal Cycler (Takara Bio Inc., Kusatsu, Japan) with the following set of bacterial universal primers and TaKaRa Ex Taq DNA polymerase (Takara Bio): 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-GGTTACCTTGTTACGACTT-3′) \[[@r15]\] or 10F (5′-GTTTGATCCTGGCTCA-3′) and 800R (5′-TACCAGGGTATCTAATCC-3′). The PCRs were conducted in a total volume of 50 µl containing 1 µl of template DNA, 0.5 μmol/l each primer, Ex Taq polymerase, 5 µl of PCR buffer, and 0.2 mmol/l each deoxynucleotide triphosphate. All the primers were synthesized by Eurofins Genomics K.K. (Tokyo, Japan). The following thermal cycling conditions were used for the Taq polymerase: 2 min at 93°C for initial denaturation; then 30 sec at 93°C, 30 sec at the annealing temperature described in [Table 2](#tbl_002){ref-type="table"}Table 1.*Lactobacillus* species isolated and used in this studyStrain No.SpeciesPrimers for PCR amplification of the 16S rRNA geneDDBJ Accession No.Isolation mediumCulture temperatureGas-formingSourceYear isolated16S rRNA gene*dnaK* geneJCM 1149^T^*Lactobacillus plantarum*subsp.*plantarum*Not applicable30--Pickled cabbageISC13*Lactobacillus plantarum*subsp.*plantarum*27F/1491RLC333405LC41608330--Ishizuchi-Kurocha1993IYO1401*Lactobacillus plantarum*subsp.*plantarum*27F/1492RLC199957LC416084Skim milk30--2014IYO1404*Lactobacillus pantheris*27F/1492RLC199956Skim milk30--2014IYO1511*Lactobacillus plantarum*subsp.*plantarum*27F/1492RLC199963LC416085MRS agar30--2015IYO1516*Lactobacillus brevis*27F/1492RLC199964MRS agar30+2015IYO1615*Lactobacillus plantarum*subsp.*plantarum*27F/1492RLC333406LC416087LBS agar30--2016IYO1651*Lactobacillus plantarum*subsp.*plantarum*27F/1492RLC333407LC416086MRS agar30--2016AWA0701*Lactobacillus pentosus*27F/1491RLC333409LC41608830--Awa-Bancha2007AWA1401*Lactobacillus pentosus*27F/1492RLC199958LC416080Skim milk30--2014AWA1501*Lactobacillus pentosus*27F/1492RLC199959LC416081MRS agar30--2015AWA1504*Lactobacillus fermentum*10F/800RLC199960MRS agar30+2015AWA1601*Lactobacillus pentosus*27F/1492RLC333408LC416082MRS agar30--2016*L. plantarum* JCM 1149^T^ parchased from the RIKEN BioResource Center (JCM).Table 2.Availabilities of sugars by *Lactobacillus plantarum* group strains isolated from fermented teaJCM1149^T^ISC13IYO1401IYO1511IYO1615IYO1651AWA0701AWA1401AWA1501AWA1601Control--------------------Glycerol------------+----±Erythritol--------------------D-Arabinose--------------------L-Arabinose+++--++--+--+D-Ribose++++++++++D-Xylose----+------+±+--L-Xylose--------------------D-Adonitol--------------------Methyl-βD-Xylopyranoside--------------------D-Galactose++++++++++D-Glucose++++++++++D-Fructose++++++++++D-Mannose++++++++++L-Sorbose--------+----------L-Rhamnose--±±±±±--±--±Dulcitol------------+±----Inositol--------------------D-Mannitol++++++++++D-Sorbitol++++--+++++Methyl-αD-Mannopyranoside++++++--------Methyl-αD-Glucopyranoside----+--------+--+N-Acetyl Glucosamine++++++--+++Amygdalin++++++++++Areutin++++++++++Esculin ferric citrate++++--+++++Salicin++++++++++D-Cellobiose++++++++++D-Maltose++++++++++D-Lactose--+++++--+++D-Melibiose+++++--++--+D-Sucrose++++++++++D-Trehalose++++++++++Inulin--------------------D-Melezitose+++++----------D-Raffinose+++++--±----+Starch--------------------Glycogen--------------------Xylitol--------------------Gentibiose±±±±±±±±++D-Turanose++++++--------D-Lyxose--------------------D-Tagatose--------------------D-Fucose--------------------L-Fucose--------------------D-Arabitol--------------------L-Arabitol--------------------Gluconate±±±±±±±±±±2-Keto Gluconate--------------------5-Keto Gluconate--------------------, and 30 sec at 72°C for 30 cycles; and finally 1 min at 72°C. The PCR products were analyzed via electrophoresis in a 1.5% agarose gel followed by ethidium bromide staining. The sequence of the primer used for DNA sequencing was as follows: LAB-seqF (5′-TCCTGGCTCAGGACGAACGCT-3′), 23F, or 10F. Determination of the DNA sequence was performed by Macrogen Japan Corp. (Kyoto, Japan). Sequence identification was carried out by means of the Standard Nucleotide BLAST of the National Center for Biotechnology Information (<http://blast.ncbi.nlm.nih.gov/Blast.cgi>). *L. plantarum* JCM 1149^T^, which is a type strain of *L. plantarum* isolated from pickled cabbage, was purchased from Riken BioResource Center (Tsukuba, Japan). Multiplex PCR amplification of the *recA* gene was carried out as described in a previous paper \[[@r16]\]. The sequences of the primers were as follows: paraF (5′-GTCACAGGCATTACGAAAAC-3′), pentF (5′-CAGTGGCGCGGTTGATATC-3′), planF (5′-CCGTTTATGCGGAACACCTA-3′), and pREV (5′-TCGGGATTACCAAACATCAC-3′). The PCR amplifications were conducted in a total volume of 50 µl containing 1 µl template DNA, 1.5 mM MgCl~2~, 0.25 μM the primers paraF, pentF, and pREV, 0.12 μM planF, deoxynucleotide triphosphates mixture (0.2 mM each), and 1.25 U of Ex Taq. The following thermal cycling conditions were used: 3 min at 94°C for initial denaturation; then 30 sec at 94°C, 10 sec at 56°C, and 30 sec at 72°C for 30 cycles; and finally 5 min at 72°C. The PCR products were visualized in 2% agarose gel (Nippon Gene Co., Ltd., Tokyo, Japan). PCR amplification of the *dnaK* gene was carried out with TaKaRa Ex Taq DNA polymerase as described in a previous paper \[[@r17]\]. The sequences of the primers were as follows: Lpdnak-500F3 (5′-CCGTTCTTRTCRATRTCRAA-3′) and Lpdnak-1710R5 (5′-GAAAYYCAAGTYGGHGAAGT-3′). The Lpdnak-500F3 was also used as the sequence primer for DNA sequencing. The following thermal cycling conditions were used: 5 min at 94°C for initial denaturation; then 1 min at 94°C, 1 min at 58°C, and 1 min at 72°C for 35 cycles; and finally 7 min at 72°C. A phylogenetic analysis was carried out with ClustalW through the website of the DNA Data Bank of Japan (DDBJ) (<http://clustalw.ddbj.nig.ac.jp/>). Reference strains were chosen from GenBank for inclusion in the phylogenetic analysis.

Classification of *L. plantarum* group strains by ribosomal proteins
--------------------------------------------------------------------

Sample preparation and matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) were carried out as described in our previous papers \[[@r18],[@r19],[@r20]\] with slight modifications. In brief, each bacterial culture resuspended in TMA-1 buffer (10 mM Tris-HCl; 30 mM NH4Cl; 10 mM MgCl2; and 6 mM 3-mercapto-1,2-propanediol, an alternative to toxic β-mercaptoethanol) was ground up by bead beating with zirconia silica beads in a Beads Crusher μT-12 (Taitec, Koshigaya, Japan) to obtain cell lysates. After removing debris by centrifugation, the resulting supernatant mixed with a matrix (sinapinic acid) was applied to MALDI-MS measurements. All the reagents were purchased from Wako Pure Chemical Industries (Osaka, Japan) and were used as received. MALDI mass spectra in the range of *m/z* 4,000 to 20,000 were examined in positive linear mode by averaging 500 individual laser shots on an AXIMA-CFR plus time-of-flight mass spectrometer (Shimadzu/Kratos, Kyoto, Japan). Peak assignment was performed as per the method described in another paper \[[@r18]\].

Evaluation of sugar utilization by *L. plantarum* group strains
---------------------------------------------------------------

Sugar utilization by *L. plantarum* strains was examined by means of the API 50 CH system (bioMérieux, Inc., Marcy-I'Etoile, France). *L. plantarum* strains were preincubated in MRS broth overnight and collected by centrifugation at 5,400 × g for 10 min. After the bacteria were washed with PBS once, each pellet was resuspended in the API 50 CHL medium (bioMérieux) at McFarland Standard No. 2. Each suspension was inoculated into a test tube containing API 50 CH and covered by mineral oil. Next, the bacteria were cultured for 48 h at 37°C. Sugar utilization was detected by examining the color of the medium.

Evaluation of survival of *L. plantarum* group strains under acidic conditions
------------------------------------------------------------------------------

The survival rate of *L. plantarum* under acidic conditions was determined by the method described by Takiguchi and Suzuki \[[@r21]\]. *L. plantarum* strains were preincubated in MRS broth (pH 6.2) overnight. Preculture suspension was added at 10% (v/v) into MRS broth with a pH of 2 or 3. The pH level of the MRS broth was adjusted to 2.0 or 3.0 with hydrochloric acid, and then a 4% pepsin (Wako Pure Chemical Industries) solution was added at 1:100 (v/v). Preculture suspension was also added into normal MRS broth (pH 6.2) at 10%. Each culture was incubated for 2 hr at 37°C; then, the cultures were serially diluted 10-fold with PBS from 10^1^ to 10^6^, and the diluted cultures were spread on MRS plates. Surviving bacteria were counted by plating serial 10-fold dilutions of the suspension on fresh MRS agar plates. After anaerobic incubation overnight at 37°C, colony-forming units (CFUs) were estimated by counting.

Assay of adhesion to epithelial cells
-------------------------------------

Human colon carcinoma Caco-2 cells were acquired from the Riken BioResource Center (Tsukuba, Ibaraki, Japan). The cells were cultured in the minimum essential medium (MEM; Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 20% of heat-inactivated fetal bovine serum (FBS; HyClone Laboratories, Inc., South Logan, UT, USA), 100 U/ml penicillin, 100 µg/ml streptomycin, 250 ng/ml amphotericin B (Nacalai Tesque Inc., Kyoto, Japan), and a 0.1 mM solution of nonessential amino acids in MEM (Gibco). The cells were seeded in 75-cm^2^ flasks (Violamo, As One Corporation, Osaka, Japan) and cultured at 37°C in an atmosphere containing 5% of CO~2~. The adhesion assay was performed by the method of Todoriki *et al.* \[[@r22]\]. For adhesion assays, Caco-2 cell monolayers were prepared in 6-well tissue culture plates (As One Corporation). The cells were seeded at a density of 4 × 10^5^/well to ensure confluence and cultured for 24 hr prior to the adhesion assay. *L. plantarum* strains were precultured in 10 ml of MRS broth at 30°C for 24 hr. After the bacteria were washed with PBS once, bacterial suspensions were prepared at a concentration of 10^7^ cells/ml in MEM without antibiotics. The culture media for Caco-2 monolayers were changed to the MEM-bacterial suspensions at 2 ml per well, and the cells were incubated for 2 hr at 37°C and 5% CO~2~. Next, the wells were washed three times with PBS for 5 min by means of a mild mixer (Taitec Corporation, Koshigaya, Japan). After the last wash, Caco-2 cell monolayers were covered with 2 ml of distilled water and were mechanically agitated by vigorous pipetting to resuspend the Caco-2 cells and bacteria. Adherent bacterial cells were counted by plating the serial 10-fold dilutions of the suspensions on fresh MRS agar plates and were incubated anaerobically.

Assay of adhesion to extracellular matrix (ECM) proteins
--------------------------------------------------------

These assays were performed based on another study \[[@r23]\]. Fibronectin-, laminin-, or type IV collagen-coated multiwell glass slides were purchased from Nippi, Inc. (Tokyo, Japan). *L. plantarum* strains were precultured in 10 ml of MRS broth at 30°C for 24 hr. After the bacteria were washed with PBS once, the bacteria in suspension were counted using a bacterial counting chamber (Sunlead Glass Corp., Koshigaya, Japan). Bacterial suspensions were prepared at a concentration of 10^8^ cells/ml in PBS. Next, 20 µl of the bacterial cell suspensions were applied to the wells of ECM-coated multiwell glass slides. The slide was incubated for 2 hr at room temperature. After three washes with PBS, the slide was stained with Gram's crystal violet solution (Kanto Chemical Co., Inc., Tokyo, Japan). Randomly chosen visual fields were photographed under a light microscope. The bacteria in each of four microscopic fields of view were counted, and the results were expressed as the mean ± standard deviation.

Evaluation of the cytotoxicity of isolates
------------------------------------------

Caco-2 cells were seeded in 24-well tissue culture plates (As One Corporation) at a concentration of 2 × 10^5^ cells/ml and cultured for 24 hr. *L. plantarum* strains were precultured in 10 ml of MRS broth at 37°C for 24 hr. After the bacteria were washed with PBS once, bacterial suspensions were prepared at a concentration of 10^7^ cells/ml in MEM. The culture media for Caco-2 monolayers were changed to the MEM-bacterial suspensions at 1 ml per well, and the cells were then incubated for 6 hr, washed with PBS three times, and covered with fresh MEM without bacteria. The cells were incubated further for 18 hr in 5% CO~2~. In total, the cells were incubated with bacteria for 24 hr. After that, the cell culture supernatants were collected, and the bacterial cells were pelleted by centrifugation at 10,000 rpm for 10 min. The supernatants were subjected to measurement of cell membrane damage and IL-8 secretion. Cell membrane damage was determined according to the release of lactate dehydrogenase (LDH) from the cells into the culture medium at 6 hr of incubation. The LDH release was measured with a tetrazolium salt using the Cytotoxicity Detection Kit^PLUS^ (LDH) (Roche Diagnostics GmbH, Mannheim, Germany). The amount of formazan salt formed was measured at 492 nm on an Infinite 200 PRO microplate reader (Tecan Group Ltd., Männedorf, Switzerland). The maximum amount of LDH released was determined by incubating the cells with a lysis solution provided in the kit. The cytotoxicity was calculated as follows: cytotoxicity (%) = \[(experimental value -- low control)/(high control -- low control)\] × 100. The low control value, which corresponds to a spontaneous LDH release, was determined as the LDH released from untreated normal cells. The high control value, which corresponds to the maximum LDH release, was determined as the LDH released from the cells lysed by surfactant treatment. IL-8 secretion into the culture supernatant was determined by enzyme-linked immunosorbent assay (ELISA) with a Human IL-8 ELISA Ready-SET-Go! Kit (Thermo Fisher Scientific).

Evaluation of the antibiotic resistance of *L. plantarum* group strains
-----------------------------------------------------------------------

*L. plantarum* group strains were preincubated in MRS broth overnight. The preculture suspensions were added at 0.1% (v/v) into MRS broth including penicillin G (MP Biomedicals, LLC, Solon, OH, USA) at concentrations of 100, 50, 25, 12.5, 6.25, 3.13, 1.56, and 0.78 units/ml. Each culture was incubated for 24 hr at 37°C. Then, the OD~600~ of each culture was measured by BioPhotometer plus (Eppendorf AG, Hamburg, Germany). If bacteria did not grow after 24 hr of incubation, the culture was added at 1% (v/v) into fresh MRS broth without penicillin G. The culture was then incubated for 24 hr at 37°C, and the OD~600~ of the culture was subsequently measured.

RESULTS {#s3}
=======

Identification and classification of *Lactobacillus* spp. isolated from the fermented teas
------------------------------------------------------------------------------------------

Lactobacilli were isolated from fresh leaves of Ishizuchi-kurocha and Awa-bancha in 2014, 2015, and 2016. Six strains of *Lactobacillus* spp. were isolated from Ishizuchi-kurocha, and four strains of *Lactobacillus* spp. were isolated from Awa-bancha. Based on 16S ribosomal RNA sequence homology, seven strains were identified as *L. plantarum*. The results concerning identification of *Lactobacillus* spp. are presented in [Table 1](#tbl_001){ref-type="table"}. To isolate various *Lactobacillus* species, we employed three kinds of medium for isolation: skim milk, MRS agar, and LBS agar. Isolated *Lactobacillus* species were similar regardless of isolation media. Mainly, *L. plantarum* was isolated. *L. plantarum* was present among lactic acid bacteria isolates from both Ishizuchi-kurocha and Awa-bancha. Additionally, *L. plantarum* was present among isolates every year. Two *Lactobacillus* strains that were isolated from Ishizuchi-kurocha had high homology to *L. pantheris* and *L. brevis*. One *Lactobacillus* strain isolated from Awa-bancha shared high homology with *L. fermentum*. On the other hand, the species in the *L. plantarum* group are difficult to identify based on only 16S rRNA gene sequencing. *L. plantarum*, *L. pentosus*, *L. paraplantarum*, and *L. herbarum* are closely related species with 16S rRNA gene sequence similarities higher than 99%. Among these lactobacilli, a newly isolated *L. plantarum* strain, *L. plantarum* JCM 1149^T^, and previously isolated *L. plantarum* strain, ISC13 \[[@r3]\], and AWA0701 were compared with respect to the types of ribosomal subunit proteins ([Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Classification of *Lactobacillus plantarum* group strains based on the MALDI mass spectra of ribosomal subunit proteins.The peak labels indicate the names of assigned ribosomal subunit proteins. The peaks marked with a filled circle are common among the strains. Arrows indicate that peak shifts occurred in the strains. The strains show four patterns as indicated by different colors of the mass spectra.). According to the ribosomal protein typing, *L. plantarum* JCM 1149^T^ and Ishizuchi-kurocha-derived strains belong to the same group. On the other hand, Awa-bancha-derived strains were assigned to another group. We examined further identification of newly isolated "*L. plantarum*" strains. PCR amplification products of the *recA* gene of *L. plantarum*, *L. pentosus*, and *L. paraplantarum* were of different sizes. The sizes of the amplicons for *L. plantarum*, *L. pentosus*, and *L. paraplantarum* were 318 bp, 218 bp, and 107 bp, respectively \[[@r16]\]. PCR amplification products of the *recA* gene of Ishizuchi-kurocha-derived strains were observed in the same position as *L. plantarum* JCM1149^T^ ([Fig. 3](#fig_003){ref-type="fig"}Fig. 3.Classification of *Lactobacillus plantarum* group strains based on the *recA* gene.Amplification products obtained from the *recA* gene multiplex PCR were revealed. Lane 1, *L. plantarum* JCM 1149^T^; 2, ISC13; 3, IYO1401; 4, IYO1511; 5, IYO1615; 6, IYO1651; 7, AWA0701; 8, AWA1401; 9, AWA1501; 10, AWA1601. Lane M contained a 100 bp DNA ladder (TaKaRa Bio).). On the other hand, the sizes of the amplicons of Awa-bancha-derived strains were different from that of *L. plantarum* JCM 1149^T^. The sizes of the amplicons of Awa-bancha-derived strains were similar to that of *L. pentosus*. Additionally, we performed phylogenetic analysis based on the *dnaK* gene ([Fig. 4A](#fig_004){ref-type="fig"}Fig. 4.*DnaK* phylogenic tree for *Lactobacillus plantarum* group bacteria.A) *DnaK* phylogenic tree. Reference sequences of *L. plantarum* subsp. *plantarum*, *L. plantarum* subsp. *argentoratensis*, *L. paraplantarum*, *L. pentosus, L. herbarum*, and *L. fabifermentans* were obtained from GenBank. *L. casei* was employed as outgroup species of *L. plantarum*. The accession numbers of the reference species are indicated in the figure. Bootstrap values are recorded on the nodes. B) Alignment of partial *dnaK* gene sequences of *L. plantarum* subsp. *plantarum* JCM 1149^T^, *L. pentosus*, and the isolates. The boxed bases indicate a single nucleotide polymorphism. \*indicates that all bases are homology.). The Ishizuchi-kurocha-derived strains were closely related to *L. plantarum* subsp. *plantarum*, and the Awa-bancha-derived strains were closely related to *L. pentosus*. However, some single nucleotide polymorphisms between the *L. pentosus* and the Awa-bancha-derived strains were observed in the *dnaK* gene ([Fig. 4B](#fig_004){ref-type="fig"}).

Evaluation of sugar utilization by *L. plantarum* strains
---------------------------------------------------------

This property of *L. plantarum* strains isolated from the fermented teas was examined with the API 50 CH system ([Table 2](#tbl_002){ref-type="table"}). The sugar utilization was loosely categorized into two groups: *L. plantarum* JCM 1149^T^ and Ishizuchi-kurocha-derived strains utilized methyl-αD-mannopyranoside, D-melezitose, D-raffinose, and D-turanose. In contrast, Awa-bancha-derived strains could not use these sugars.

Adhesion of *L. plantarum* to Caco-2 cells
------------------------------------------

Among the new *Lactobacillus* strains isolated from fermented teas, adhesion properties of *L. plantarum* toward human colon epithelial cells were evaluated. *L. plantarum* IYO1401, which was obtained from Ishizuchi-kurocha, showed strong adhesion to Caco-2 cells ([Fig. 5](#fig_005){ref-type="fig"}Fig. 5.Adhesion of *Lactobacillus plantarum* group strains to Caco-2 cells.The *Lactobacillus* strains were resuspended at a concentration of 10^7^ cells/ml in MEM containing 20% of FBS. The bacterial suspensions were added to Caco-2 cell monolayers with incubation for 2 hr. Then, the cells were washed three times with PBS for 5 min. After the last wash, the Caco-2 cell monolayers were disrupted with distilled water. Adherent bacteria were counted by plating the serial 10-fold dilutions of the suspension on MRS agar plates incubated anaerobically. \*\*p\<0.01 (compared with JCM1149^T^; Dunnett's test, ANOVA).). Additionally, *L. plantarum* JCM 1149^T^ showed weak adhesion to Caco-2 cells. The number of adherent bacterial cells in strains isolated from Ishizuchi-kurocha was 1.7-4.5-fold greater than that of strain JCM 1149^T^. By contrast, *L. plantarum* isolated from Awa-bancha showed weak adhesion to Caco-2 cells except strain AWA0701. The numbers of adherent bacterial cells in strains AWA1401, AWA1501, and AWA1601 were approximately 0.3, 0.02, and 0.2-fold greater than that of strain JCM 1149^T^, respectively. Thus, strains isolated from Ishizuchi-kurocha and Awa-bancha showed the opposite properties in terms of adhesion to Caco-2 cells.

Adhesion of *L. plantarum* to ECM proteins
------------------------------------------

Some *Lactobacillus* spp. adhere not only to epithelial cells but also to ECM proteins \[[@r23]\]. Therefore, we analyzed the adhesion of *L. plantarum* strains to type IV collagen, laminin, and fibronectin, which are components of the basement membrane ([Fig. 6](#fig_006){ref-type="fig"}Fig. 6.Adhesion of *Lactobacillus plantarum* group strains to ECM proteins.*L. plantarum* AWA1401, IYO1401, and JCM1149^T^ were resuspended in PBS at a concentration of 10^8^ cells/ml. Then, 20 µl of the bacterial suspensions were added into wells coated with type IV collagen, laminin, or fibronectin in a multiwell glass slide. The slides were incubated for 2 hr at room temperature. After three washes with PBS, the adherent bacteria were counted under a microscope. \*\*p\<0.01 (compared with JCM1149^T^; Dunnett's test, ANOVA).). Among *L. plantarum* strains, JCM 1149^T^, IYO1401, and AWA1401 were subjected to the adhesion test. Strain IYO1401 revealed strong adhesion to fibronectin and type IV collagen, and strain IYO1401 also adhered to laminin. Strain JCM 1149^T^ adhered to fibronectin, laminin, and type IV collagen. The adhesion ability of strain JCM 1149^T^ was weaker than that of strain IYO1401. In contrast, *L. plantarum* strain AWA1401 did not adhere to the ECM proteins under study.

Survival of *L. plantarum* strains under acidic conditions
----------------------------------------------------------

To evaluate survival of *L. plantarum* in gastric juice, survival of *L. plantarum* strains under acidic conditions was examined ([Fig. 7](#fig_007){ref-type="fig"}Fig. 7.Survival of *Lactobacillus plantarum* group strains under acidic conditions.*L. plantarum* strains AWA1401, IYO1401, and JCM1149^T^ precultured in MRS broth (pH 6.2) were added at 10% (v/v) into MRS broth with a pH of 2 or 3. The preculture suspensions were also added to normal MRS broth (pH 6.2) at 10%. Each mixture was incubated for 2 hr at 37°C, and then serially diluted cultures were spread on MRS plates. After anaerobic incubation overnight at 37°C, colony-forming units (CFUs) were estimated by counting. The survival rate (calculated from CFUs) in a pH 6.2 medium was set as 100%. \*\*p\<0.01 (compared with pH 6.2; Dunnett's test, ANOVA).). Each *L. plantarum* strain was cultured for 2 hr in MRS broth with a pH of 6.2, 3.0, or 2.0, and then colony formation on MRS agar plates was assessed. At pH 2.0, colony formation was not observed for any strain. Compared with the normal pH of MRS broth (6.2), colony formation of strains JCM 1149^T^ and AWA1401 was decreased to approximately 20% at pH 3.0. Colony formation by strain IYO1401 was decreased to 45% at pH 3.0. Therefore, the acid resistance of strain IYO1401 was slightly stronger those that of the other strains.

Antibiotic resistance of *L. plantarum*
---------------------------------------

The antibiotic resistance of *L. plantarum* was examined ([Table 3](#tbl_003){ref-type="table"}Table 3.Antibiotics resistance of *Lactobacillus plantarum* group strains isolated from fermented teaPenicillin G concentration (units/ml)StrainJCM 1149^T^ISC13IYO1401AWA140104.247.657.655.670.780.092.682.600.521.560.081.901.800.043.130.000.720.870.006.250.000.170.170.0012.50.000.080.120.0025.00.000.040.040.0050.00.000.010.000.001000.000.000.000.00Values represent the OD~600~ of culture fluid of *L. plantarum* which was cultured for 24 hr at 37°C in MRS broth including penicillin G.). Specifically, the antibiotic resistance of *L. plantarum* strains JCM 1149^T^, ISC13, IYO1401, and AWA1401 to penicillin G was examined. *L. plantarum* strains ISC13 and IYO1401 showed stronger resistance to penicillin G than strains JCM 1149^T^ and AWA1401. The minimum inhibitory concentrations (MICs) of strains JCM1149^T^, ISC13, IYO1401, and AWA1401 were estimated to be 6.25, 100, 50, and 3.125 units/ml, respectively.

Effects of *L. plantarum* strains on animal cells
-------------------------------------------------

Possible toxic effects of *L. plantarum* strains on colon epithelial Caco-2 cells were examined next. We conducted two kinds of experiments. In Experiment 1, Caco-2 monolayers were incubated with each *L. plantarum* strain at a concentration of 10^7^ cells/ml for 6 hr. After that, the bacterial suspension was removed, the cells were washed with PBS three times, and then the cells were cultured further for 18 hr in fresh MEM. This experimental model simulated adhesion and subsequent colonization by the bacteria. Cell membrane damage was examined by analyzing LDH release into the culture supernatant at 6 hr of incubation. No LDH release was detected from any groups of cells incubated with *L. plantarum*. Secretion of IL-8 into the culture supernatant from Caco-2 cells was examined at 6 and 24 hr of incubation. IL-8 is a cytokine and a marker of inflammation. The IL-8 concentration in the culture supernatant was under the measurement limit (2 pg/ml). An increase in IL-8 secretion was not detected in *L. plantarum* strains.

DISCUSSION {#s4}
==========

Most of the lactobacilli isolated from Ishizuchi-kurocha and Awa-bancha were identified as *L. plantarum* by 16S rRNA gene sequence. Other studies also revealed that among lactic acid bacteria, mostly *L. plantarum* group bacteria are isolated from Japanese post-fermented tea based on sugar utilization \[[@r3]\]. *L. plantarum* has been a dominant lactic acid bacterium in the fermented teas and may be involved in their fermentation. Therefore, *L. plantarum* is an important species for flavor formation of these post-fermented teas. Although the lactobacilli isolated from the two kinds of Japanese post-fermented teas here were identified as *L. plantarum* by 16S rRNA gene sequence, the strains showed different patterns of ribosomal subunit proteins ([Fig. 2](#fig_002){ref-type="fig"}). According to classification by the ribosomal protein typing, Ishizuchi-kurocha-derived strains belong to the same group as JCM 1149^T^ does, whereas Awa-bancha-derived *L. plantarum* strains were assigned to a different group. This pattern is also applicable to the strains isolated more than 10 years ago. *L. plantarum*, *L. pentosus*, *L. paraplantarum*, and *L. herbarum* are closely related species. The Awa-bancha-derived strains were closely related to *L. pentosus* by a further analysis based on *recA* and a *dnaK* gene ([Figs. 3](#fig_003){ref-type="fig"},[4](#fig_004){ref-type="fig"}).

The interactions with cultured animal cells were different between strain JCM 1149^T^ and the Ishizuchi-kurocha-derived strains. The Ishizuchi-kurocha-derived *L. plantarum* strains manifested strong adhesion to Caco-2 cells ([Fig. 5](#fig_005){ref-type="fig"}). By contrast, strain JCM 1149^T^ and the Awa-bancha-derived strains weakly adhered to Caco-2 cells.

According to the ribosomal protein typing, analysis of *recA* and the *dnaK* gene, sugar utilization ([Table 2](#tbl_002){ref-type="table"}), and interaction with Caco-2 cells, although these properties were dependent on the strain strictly speaking, *L. plantarum* group strains in this study can be subdivided into two groups: type strain JCM 1149^T^ and Ishizuchi-kurocha-derived strains and Awa-bancha-derived strains which were identified as *L. pentosus* by *recA* and the *dnaK* gene.

Neither Ishizuchi-kurocha nor Awa-bancha involve a starter strain. The lactobacilli involved in their fermentation are present naturally. They may live on the tea leaves. Unique and beneficial regional *Lactobacillus* strains may persist in a traditional fermented drink. The areas where Ishizuchi-kurocha and Awa-bancha are produced by fermentation are located on the same island. The aerial distance between the two areas is approximately 120 km. Nevertheless, these areas are located deep in the mountains of Shikoku and interactions between them are scarce. Therefore, the unique strains of *L. plantarum* have persisted in each area, and these strains may have contributed to the unique flavor of the post-fermented teas. The results of this study suggest that there are regional *L. plantarum* strains in fermented teas. There is a possibility that the properties of the *Lactobacillus* strains depend on the geographic areas where the strains are isolated. Regionality may be one of the important factors for application of *Lactobacillus* strains to the food industry.

On the other hand, there is also the possibility that the difference in two kinds of properties of *L. plantarum* group species is dependent on the fermention processes of Ishizuchi-kurocha and Awa-bancha. Ishizuchi-kurocha is produced by 2-step fermentation, whereas Awa-bancha is produced by only anaerobic fermentation. Aerobic fermentation by fungi may affect the selection of *L. plantarum* strains in Ishizuchi-kurocha. In fact, *L. plantarum* strains isolated from Ishizuchi-kurocha had stronger antibiotic resistance than *L. plantarum* JCM 1149^T^ and *L. pentosus* strains isolated from Awa-bancha ([Table 3](#tbl_003){ref-type="table"}). One of the causes of the difference in the antibiotics resistance may be selection of lactic acid bacteria by a fungus. The Ishizuchi-kurocha-derived *Lactobacillus* spp. might be screened by antibiotics produced by fungi employed in the first-step fermentation.

There are many reports about probiotic properties of *L. plantarum*. For example, some *L. plantarum* strains improve immune responses. *L. plantarum* CGMCC 1.557 improves functioning of the spleen and enhances the phagocytic activity of macrophages \[[@r7]\]. Some *L. plantarum* strains can prevent food poisoning by inhibiting the growth of pathogenic bacteria such as *E. coli*, *Shigella flexneri*, *S.* Typhimurium, *Vibrio parahaemolyticus*, *Campylobacter jejuni*, and *S. aureus* \[[@r6], [@r24],[@r25],[@r26],[@r27]\]. Oral administration of *L. plantarum* to rats improves lipid metabolism and alleviates oxidative stress in the liver \[[@r28]\]. It is reported that some *L. plantarum* strains can survive under gastric and intestinal conditions \[[@r29]\].

Besides, the adhesion ability of *Lactobacillus* to intestinal epithelial cells is one of the important characteristics for probiotics. Colonization of intestines by *L. plantarum* leads to continuous probiotic effects. As a step preceding the colonization, the ability of probiotic bacteria to adhere to the intestinal wall is also important \[[@r30]\]. There are many studies on the adhesion of *Lactobacillus* strains, including *L. plantarum,* to intestinal epithelial cells \[[@r22], [@r26], [@r31],[@r32],[@r33]\]. Moreover, some *Lactobacillus* strains adhere to ECM proteins such as fibronectin, laminin, and collagens \[[@r23], [@r34], [@r35]\]. One of the *L. plantarum* strains can adhere to type I collagen, and the adhesin in this case was identified as the EnoA1 protein \[[@r36]\]. These adhesion abilities depend on the strain \[[@r37]\].

On the other hand, in some cases, *L. plantarum* has shown a pathogenic potential \[[@r38]\]. It was reported that *L. plantarum* is involved in infective endocarditis \[[@r39]\]. Safety is important for probiotic use of *L. plantarum*. No *L. plantarum* group strains isolated from fermented teas in this study exerted cytotoxicity or induced cytokines. The *L. plantarum* group strains evaluated here did not manifest notable pathogenicity.

Differences in properties between the *L. plantarum* group strains isolated from Ishizuchi-kurocha and Awa-bancha were not be affected by the isolation year. They were dependent only on the geographic area of origin. Probiotic properties have been studied in most bacterial strains. It may also be necessary to estimate some biological characteristics of lactobacilli (including their probiotic ability) by regional affiliation. In the future, it will be worthwhile to elucidate the relation between the environment and the properties of *Lactobacillus*.
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